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Fiber sensors have specifically been applied to the quantitative non-
destructive characterization of materiala for several years [1-3]. Due to 
the inherent similarity of unjacketed glass-on-glass optical fibers and 
individual graphite fibers in graphite/epoxy composites in particular, a 
number of investigators have considered the use of optical fibers as 
sensors which may be imbedded directly within composite laminae. The 
effects of temperature and strain integrated along the length of the sensor 
fiber in a composite specimen can be determined using a variety of simple 
methods. Spatial resolution of such quantities along the imbedded fiber 
in length may be obtained using several more complicated distributed fiber 
sensing techniques. Strain tensor quantities may be determined by both 
presuming accuratemodelsof the applied stress and knowing the photoelastic 
and mechanical properties of the imbedded fiber. 
INTERFEROMETRIC FIBER SENSING 
Interferometric optical fiber sensor systems measure changes in the 
phase of an optical field which propagates in a fiber. This phase is a 
function of the length of the fiber, the index of refraction of the fiber's 
core and the cross-sectional dimensions of the fiber. Each of these 
factors is in turn dependent upon the mechanical interactions between 
applied temperature, pressure, or strain perturbations and the fiber. 
Length variations, for example, are caused either directly by thermal 
expansion or by the appliction of longitudinal strain and indirectly by 
the Poisson effect. Index variations are caused either by changes in 
temperature or by changes in strain via the photoelastic effect. Fiber 
dimension variations are caused by changes in radial strain produced by a 
pressure field, longitudinal strain via Poisson's ratio, or by thermal 
expansion. 
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ANALYTICAL MODEL 
Since this paper concerns measurements of strain, let us assume that 
the temperature variations may be neglected. The total phase change pro-
duced by stress alone may then be written in general as 
2 
n 
2 
(1) 
where L is the length of the sensing section of the fiber, A is the optical 
guide wavelength, El and Er are the longitudinal and radial strain, 
respectively, n is the core index, and P11 and P12 are the photoelastic 
constants of the silica fiber [4]. This relation indicates that longitudinal 
and radial strain contributions cannot be resolved from a single phase 
measurement. Moreover, if the strain varies along the length of the fiber, 
the total phase change must be calculated from (1) by integrating individual 
contributions along this length. 
Phase measurements may be interpreted in terms of strain components if 
the geometry 9f the strain field is known. For example, in the case of pure 
axial strain the radial strain is 
(2) 
where u is Poisson's ratia, and (1) simplifies to 
2 2 
M = 2n [1 + p n2 u + p12 ( n2 u + 1 ) ] • EL A 11 (3) 
Substituting values of pure silica (n = 1.458, P11 = 0.126, P12 = 0.274, and 
u = 0.17) and the helium-neon laser light free space wavelength 633nm, the 
phase change per meter of strained fiber is 2.2 x 107 radians, or 0.22 
radians per centimeter of fiber per microstrain. The corresponding 
theoretical minimum detectable strain may be determined by expressing the 
noise produced by an optical signal current within a photodetector circuit as 
i . = (2eBI)~ 
no1se (4) 
where e is the change of an electron, B is the electronic bandwidth of a 
heterodyne receiver circuit, and I is the photocurrent, given by aP0 , where 
a is the detector sensitivity in A/W and P is the optical power. For small 
o 
strain, the corresponding signal current is 
i =aP. 1 signal s1gna 
(5) 
The minimum detectable phase change may be found by equating (4) and (5). 
For P = 0.1 mW, a = 0.4 A/W, and B = 1 Hz, this yields, 
o 
-7 ~~minimum = 2.8 x 10 radians , (6) 
or the ~ignal produced in approximately one millimeter of fiber by a strain 
of 10-l • 
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SENSOR IMPLEMENTATION 
The discussion thus far has assumed a fiber sensing system similar to 
that shown in Figure 1. Here, the sensor fiber is imbedded inside the 
specimen to be studied and a second reference fiber shunts the specimen. 
By interferometrically observing the difference between the stationary phase 
of the signal in the reference fiber and the varying phase of the signal 
in the sensing fiber, strain may be determined. As in most interferometric 
systems, the sensitivity of such an arrangement is very high and thus subject 
to random effects of environmental conditions which independently perturb 
the fibers. If, instead, the two fibers are both imbedded in the specimen, 
as shown in Figure 2, the difference in the phase between the fields in the 
two may be measured and such common mode noise reduced. Calibration of this 
differential interferometric arrangement requires knowledge of the strain 
field geometry in the vicinities of both fibers but allows an improvement 
in absolute sensitivity of as much as 3dB over the single fiber system [5]. 
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Fig. 1. Schematic showing differential interferometric fibP-r o~tic 
strain detection system. 
IN PUT 
A 
GOMPOSITE 
SPECIMEN 
_,.-------i------------------------------1-----
l:lr/JR. 
-------i-------------- ---------------1------
Fig. 2. Alternate fiber placement. 
OUT PUT 
-
1 /Jl/>,-l:l{/Jz.l 
1243 
EXPERIMENT 
Optical fibers which are single mode at 633nm were imbedded between 
adjacent plies of graphite-epoxy prepreg as shown in Figure 3. The specimen 
was subjected to compressive force in a lScm x lScm plate press and the 
resulting strain at the location of the fiber measured by monitoring optical 
phase modulation. After the load was increased to the maximum shown in 
Figure 4, the temperature of the specimen was gradually increased by heating 
the press plates. The temperature change at the location of the fiber was 
then measured via similar optical phase measurements [6,7]. 
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Fig. 3. Fiber optic system installed in prepreg being cured. 
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Fig. 4. Comparison of t heoretical and experimental s t ra in. 
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RESULTS 
Optical fibers imbedded inside graphite-epoxy prepreg specimens have 
been used to monitor strain and temperature during cure processing. The 
same fibers can subsequently be used to monitor strain or temperature 
variations experienced by the cured specimen. Differential measurements 
have also been obtained using similar specimens. These measurements 
demonstrate the potential use of imbedded optical fibers as process control 
sensors in graphite-epoxy composite manufacturing systems. 
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